The H.264/AVC standard defines an optional in-loop deblocking filter. The effect of this filter on subjective video quality is investigated. Filter settings preferred by users are recorded for a group of 82 users across a range of video sequences and coded bitrates. The results indicate two clear groupings of user preferences for low-and medium-activity sequences. There is no clear user preference when the sequence contains high motion and activity. The implications of these results for performance optimisation of H264/AVC CODECs are discussed.
Introduction
H.264/AVC is a new video coding standard that is already gaining much support in a variety of application areas [1] . H.264 offers significantly better rate-distortion performance than earlier standards such as H.263 and MPEG-4, at a cost of increased implementation complexity [2] . This paper focuses on one aspect of the H.264 standard, an optional inloop filter that is designed to reduce the effect of blocking distortion on a coded and reconstructed video frame. The filter is (optionally) employed in both encoder and decoder and has the effect of improving rate-distortion performance at the expense of additional computational processing. In this paper we investigate the effect of this filter on perceived or subjective quality. The motivation of this work is to obtain a better understanding of the rate-distortion, subjective and computational trade-offs involved in implementing this filter. Section 2 presents a brief overview of the H.264/AVC coding tools and describes the operation of the optional inloop filter. Section 3 describes our experimental method and explains how we generate test sequences and assess a user's preference for a particular set of coding parameters using a slider-based quality assessment technique. Section 4 presents rate-distortion and subjective quality results and these are discussed in Section 5. In Section 6 we conclude by evaluating the implications of these results for the design of H.264/AVC CODECs.
Background

H.264 / Advanced Video Coding
The new H.264/AVC video coding standard [3] comprises a Video Coding Layer (VCL) and Network Abstraction Layer (NAL). The VCL is very similar to the coding structure adopted in the previous standards, such as H.263 and MPEG4 [2] , but it has some new features which significantly improve coding performance and efficiency.
H.264 supports tree structured motion compensated coding, which segments a luma macroblock into a number of varying-size areas and utilizes these areas as the basic unit for motion estimation. Sub-pixel motion compensation with the accuracy of ¼ luma samples and multi-picture motion prediction (i.e. more than one picture can be used as reference for motion search) are also included. In addition to inter-coded macroblocks, H.264 supports two types of intra coding: INTRA-4×4 and INTRA-16×16, where each 4×4 or 16×16 luma block is predicted from previously coded neighboring blocks, followed by transform, quantization and entropy coding.
These advanced features make a great improvement in compression efficiency and coding flexibility compared with previous standards, supporting higher quality video over lower bit rate channels. However, the performance gains of H.264 come at a price of increased computational complexity [2] .
Deblocking filter
H.264 employs an adaptive deblocking filter, which is applied to each decoded macroblock to reduce blocking artifacts. Its aim is to smooth the blocking edges around the boundary of each macroblock without affecting the sharpness of the picture, thus improving the subjective video quality of the compressed video. The filtered data are used for motion compensated prediction of further video frames. The filter affects the perceptual quality of decoded Slider bar frames and the efficiency of compression. If the filtered image is a close "match" to the original, the motion compensated residual is likely to be reduced, leading to higher compression efficiency [4] .
The filter is applied to the vertical and horizontal edges of 4×4 chroma or luma blocks in a macroblock. The amount of filtering is measured by boundary strength (bS), which is decided by the quantiser parameter, coding modes of the adjacent blocks and the gradient of the sample cross the edge. Two thresholds (α and β) defined in the standard make decision on whether to perform filtering on the current boundary or not. α and β depend on the average QP of the two blocks adjacent to the edge: they increase with the increase of QP and vice versa.
In the design of the deblocking filter, two controllable parameters α_offset and β_offset are added to provide a wider range of control of the filter along with QP.
When α_offset and β_offset are set to zero, α and β depend on QP only. The values of α and β for any given QP have been chosen based on rate-distortion performance results [4] . The objective distortion metric used in [4] is Peak Signal to Noise Ratio (PSNR), a metric based on the mean squared error between source and decoded images.
The parameters α_offset and β_offset enable control of the "strength" of the filter. Negative values of these parameters result in less filtering (lower "strength") and positive values increase the amount of filtering (higher "strength").
Hypothesis
The deblocking filter is designed to optimise rate-distortion performance when α_offset and β_offset are equal to zero. However, it is known that objective video quality (measured by PSNR) is not always consistent with the "real" perceived video quality [5] . Therefore, the best setting for filter in terms of rate-distortion (R-D) performance may not be optimised for subjective video quality. This paper sets out to investigate whether the subjectively optimal filter setting may depend on the characteristics of video sequences and on the human observer.
Method
The following method was employed in the experiment: first, participants were shown different versions of sequences with different deblocking filter settings, ranging from "no filter" to "strong" filtering, and they were asked to determine the best sequence in terms of perceived video quality.
Sequences Used
Three standard CIF sequences were used: A) Foreman.cif, B) Football.cif and C) Paris.cif. Each sequence was coded at 4 different (constant) bitrates using the JM reference model of H.264 encoder [6] . Each combination of sequence and bitrate was coded with 8 different filter settings (i.e. different values of α_offset and β_offset. For instance, the Foreman.cif coded at a bitrate of 100kbps has 8 different filter settings, starting with 'No filter' and followed by (α_offset,β_offset) values increasing in strength, defined by the settings (-6, -6), (-4, -4) (-2, -2) (0, 0) (2, 2) (4,4) and (6, 6).
Subjective quality assessment method-UFQ
With three video sequences and so many options available to the viewer, the time required to complete the subjective assessments becomes significant [7, 8] . To tackle this and provide more efficient subjective assessment the User Feedback Quality Measurement Method (UFQ) was applied [9] . This software application (known as switcher) allows the viewer to seamlessly 'switch' between different (filtered) versions of the same sequence by adjusting the position of an on-screen slider bar.
In this experiment, there were three video clips, each one available at four bitrates. A single video sequence at a given bitrate was display on one 'switcher' window. The 8 different filtered coded sequences were continuously running and repeated while the user adjusted the bar. The observer can select the position of the slider bar which yields the preferred video quality by moving the slider bar up and down. The software application records the preferred video sequence and the time taken to reach a decision. Figure 1 demonstrates the switcher window with a playback sequence. The slider bar beside can be adjusted to play the next filter setting sequence.
Figure1 Example of the football sequence coded at 1500kbps running in UFQ method
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Switcher window
Evaluation procedures
During the experiment, each video clip was displayed in a 352x288 pixel window on a 15" LCD display with a viewing distance of approximately 4H (where H is the height of the displayed picture) in a bright and quiet environment [8] . A total of 82 observers took part in the Group1 experiment, and another 10 observers in Group2 experiment. The number is enough to provide statistically meaningful results [8] .
In Group1, each viewer was shown all 3 video clips; each was shown twice at different bitrates (i.e. each viewer interacted with 6 'switcher' window), plus one pre-given training sequence. The observer adjusted the slider bar to choose the preferred filter setting and were then asked to describe how they felt about the experiment and the difficulty of arriving at a decision.
In order to be able to differentiate between a "conscious" decision based on quality and what is in essence a default selection by the observer, Group2 viewers were asked to do the same task as Group1, i.e. 6 sequences were shown. In contrast with Group1, 4 of the 6 sequences in Group2 had the same filter settings (e.g. identical filter settings in each switcher window) regardless of slider bar position. For these sequences, moving the slider bar had no effect on perceived quality and so the selected user preferences can be considered a "control" result. By comparing the "genuine" results with the control results, it is possible to identify whether the "genuine" results represent a conscious decision based on perceived quality.
Results
Distribution of user preferences
From the 492 experiments, from 82 participants viewing all 3 sequences (i.e. Foreman, Football, and Paris), histograms was produced (figure 2) which show the number of times each sequence was chosen. The x-axis shows the 4 bitrates grouped under each filter setting. The far left interval, reports the sequence was coded at No filter. The other intervals give the graded filter increases in filter strength, e.g. the interval -6 for setting (-6,-6) interval 0 for setting (0, 0).
For example, the first blue bar in (A) presents the number of subjective video quality obtained from the 82 observers, when it is at No Filter setting, and foreman sequence was coded at 100kbps (i.e. in blue). Figure B, football sequence, shows a greater concentration at the lower filter settings, especially for the lowest bitrate sequences. The football sequence is shorter than the others and involves more action. It could be predicted that the feature of football sequence coded at 900kbps is good enough for perceived quality. The result could also be seen in table 2 which is the percentage of the hardest sequence for observers to decide. However, with the higher bitrates there is some evidence of a clustering in the centre. 
Comparison with PSNR measurements
In order to compare these subjective results with an objective measure, the bitrate and PSNR among the 8 different filter settings at each bitrate sequence was measured. Note that the actual bitrate achieved was not always identical to the target bitrate. Table 1 reports the α_offset and β_offset setting that gives the best ratedistortion point (i.e. best combination of actual bitrate and measured PSNR) for each bitrate and sequence. 
Foreman Football Paris Percentage (%)
5.26 87.72 3.51 Table 2 User identification of sequence that is hardest to decide upon. Figure 3 is the PSNR for each coded version of the 3 video clips. Note that there are very minor difference in measured PSNR for each target bitrate. When the actual achieved bitrate and PSNR are measured, we obtain an optimum combination of α_offset, β_offset listed in Table 1 . Table 2 reports the observers' feedback on which sequence was the most difficult to make a decision on. Table 2 shows 87% of observers identified the Football sequences as the hardest to make the decision (i.e. to find the difference among 8 different filter settings).
In order to show the differences of the sequence appearance of each combinations of de-blocking filter setting, sample frames from Paris at lowest (i.e. 100kbps) and highest bitrate (250kbps) with 'No Filter' and strong filter setting (i.e. α_offset, β_offset were set at +6) are shown in Figure  4 . Sequence B (Football) in Figure 2 comes closest to this distribution, and viewers consistently reported difficulty in deciding on this sequence. The other two sequences (A and C) clearly do not match the distribution shown in Figure 5 , which gives confidence in the choices being conscious decisions.
Control group results
The results indicate that for the sequences Paris and Foreman (containing low and medium levels of activity respectively), the subjective responses fall into two distinct "clusters" (Figure 2 ). There is a clear grouping of users who prefer the "no filter" setting. The preferences of the remaining users form an approximately Normal distribution around the default filter setting (α_offset and β_offset=0). These two distributions (a cluster around the "no filter" setting and a distribution around the default setting) are more clearly evident at medium bitrates; conversely, at very high or very low bitrates (i.e. when the image shows little apparent distortion or when there is significant blocking distortion), the two clusters are less evident. For the highactivity "Football" sequence, the distribution of user preferences is very similar to the "control" case (i.e. the likely distribution when there are no differences between the video clips), indicating that the users found it difficult or impossible to choose a preferred filter setting. This finding is supported by verbal feedback from the users, many of whom indicated that they could not distinguish between the different filter settings when watching the "Football" sequence.
These results imply that there is no "mean opinion" of preferred filter parameters; rather, users fall into two groups, i.e. those who prefer a blockier image in which fine detail tends to be preserved versus those who prefer a smoother, less blocky image in which some detail is lost.
The default setting of the deblocking filter offers a small but consistent benefit in rate-distortion performance (where "distortion" is measured according to the PSNR metric). However, the subjective test results here do not consistently support the rate-distortion outcomes presented in Table 1 . For the group of users who prefer the unfiltered sequences, there is a discrepancy between the optimal operating points in terms of subjective versus PSNR "quality".
Conclusions
The in-loop deblocking filter specified in the H.264/AVC standard offers a modest gain in rate-PSNR performance and can have a significant implementation cost. The results presented here imply that the computational cost of the filter may not be justified in terms of its subjective quality benefits. These benefits are not clear, particularly (a) for a significant group of users who prefer unfiltered images and (b) for high-motion sequences where the filter has little or no effect on perceived quality. As the ultimate "test" of any video CODEC is its subjective quality performance, these results raise important questions about the need to implement the optional filter in an H.264 encoder.
An interesting outcome of this work is the emergence of what is clearly a bi-modal distribution in the perceptual quality results (Figure 2 ). Established subjective testing methodologies such as those described in [7, 8] generally assume that user responses will tend to follow a Normal distribution with a clear mean. Further work is required to investigate whether this is an acceptable assumption, given the clear evidence of a distribution with two distinct peaks.
